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1
NICKEL BIS DIAZABUTADIENE
PRECURSORS, THEIR SYNTHESIS, AND
THEIR USE FOR NICKEL CONTAINING
FILMS DEPOSITIONS

CROSS REFERENCE TO RELATED
APPLICATIONS

The present application is a 371 of International PCT
Application PCT/IB2012/055171, filed Sep. 27, 2012, which
claims the benefit of U.S. Provisional Application Ser. No.
61/539,759 filed Sep. 27, 2011, each of which is herein incor-
porated by reference in its entirety for all purposes.

TECHNICAL FIELD

Disclosed are homoleptic diazabutadiene nickel precur-
sors, their synthesis, and their use for the vapor deposition of
nickel-containing films.

BACKGROUND

Chemical vapor deposition (CVD) and atomic layer depo-
sition (ALD) have been applied as techniques for depositing
thin films for semiconductor devices because they enable the
achievement of conformal films (metal, oxide, nitride . . . etc)
through fine tuning of parameters during the process. The film
growth is mainly controlled by the chemical reaction of
metal-organic compounds (precursors), so the development
of optimum precursors is essential under prediction of its
property and reaction process. Precursors have been devel-
oped to attain required properties based on its specific appli-
cation to certain types of film.

Several intrinsic properties of precursors should be consid-
ered before using them as molecules for CVD and ALD
processes. First, liquid form and/or sufficient vapor pressure
are necessary for easy delivery of the precursor in a gas phase
into the reaction chamber from the containing vessel. Second,
long term thermal stability in storage conditions and at deliv-
ery conditions is required. Thermal stability in the gas phase
is also required to avoid incorporation of impurities into the
film. Third, strong reactivity toward reaction gases, such as
ammonia or oxygen, is required for the precursor to be readily
converted into the desired film on the sample substrate.
Another important requirement of precursor to be considered
at the step of precursor design is to control impurities in the
film, which usually originate from the ligand during the depo-
sition process.

Silicide process is considered essential in the complemen-
tary metal-oxide-semiconductor (CMOS) for lowering con-
tactresistance as the devices are scaled down. TiSi, and CoSi,
have been extensively investigated as contact material. How-
ever these materials have been reported to have serious prob-
lems at sub-65 nm technology node. In addition sheet resis-
tance of TiSi, steeply increases with scaling down, which
routinely is called narrow line effect. Although CoSi, has
immunity to narrow line effect, the greater consumption of Si
is a major concern in forming silicides with the decreased
junction depth.

Meanwhile, NiSi has become a serious candidate as a
contact material thanks to its immunity to narrow line effect,
low silicon consumption, and low resistivity. NiSi can be
formed through a self-aligned silicide process. However
physical vapor deposition (PVD) is becoming unsuitable for
nanoscale deposition due to poor step coverage in high aspect
ratio contact holes. Therefore Atomic Layer Deposition
(ALD) is a promising deposition method for this purpose due
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its excellent conformality in 3D structures and atomic thick-
ness controllability. Until now, although several studies on
nickel ALD have been performed, they have shown limita-
tions such as complex process, high impurity content, or low
growth rate.

Alternatively Nickel oxide (NiO) has received lots of atten-
tion in the semiconductor industry. Its resistance switching
characteristics of NiO thin films show its potential applica-
tions for the next generation nonvolatile resistive random
access memory (ReRAM) devices.

Heindirk torn Dieck reported two DAD ligands in their
dianionic form (DADYP) coordinate with titanium in its +IV
oxidation state, as shown in the formula Ti’”’(iPr,-DAD%?),
and Ti”(1Bu,-DADY), (Heindirk tom Dieck at al., Inor-
ganica Chimica Acta, 177,1990, Pages 191-197). CVD using
Ti“M(tBu,-DADY), was also reported (S. Van Der Ven et al.,
J. De Physique 1V, Colloque C3, supplement au Journal de
Physique 11, 3, 1993).

The synthesis of homoleptic nickel (0) molecules such as
Ni®(R,-DAD),, where the nickel has the 0 oxidation state
have already been reported (H. Tom Dieck Z. Naturforsch.
36b, 814-822, 1981). Two different methods were used for the
preparation of these molecules. The first method is based on
a ligand exchange by reacting the nickel (0) starting material
Ni(COD), with two equivalents of the corresponding neutral
diazabutadiene. The second method consists of reducing the
nickel (+II) starting material NiBr,(DME) with sodium in
presence of the corresponding neutral diazabutadiene.

The synthesis of homoleptic nickel (+11) molecules such as
Ni*(R,-DAD),, where the nickel has the (+II) oxidation
state have also been reported (T. J. Knisley Organometallics,
2011). In this case, the nickel (+II) starting material Ni®**
Cl,.CH,CN was reacted with two equivalents of lithium
diazadienyl which was beforehand prepared from the corre-
sponding diazabutadiene reacted with one equivalent of
freshly cut lithium metal.

Winter et al. report ALD deposition of Ni,N on 500 nm
thick thermal SiO, using Ni(tBu-DAD), and anhydrous 1,1-
dimethylhydrazine (W02012/027357). Self-limited film
growth was achieved with pulse lengths greater than or equal
to 4.0 seconds as evidenced by a constant growth rate of 0.7
Alcycle, but only at temperatures between 225° C. and 240°
C.

Han reports CVD deposition of Ni films on silicon wafers
using Ni(iPr-DAD), (W02012/067439). Auger spectroscopy
analysis revealed that the resulting film contained approxi-
mately 10% carbon.

The deposition of nickel containing films (pure nickel,
nickel oxide or nickel silicide) in CVD or ALD mode remains
a challenge (high C, N or O content) due to the poor avail-
ability of suitable precursors. Applicants believe that no oxy-
gen-free precursors allow deposition of pure nickel films in
CVD or ALD (thermal or plasma mode) at temperatures
lower than 250° C. or 150° C. using an oxygen-free reaction
gas. The nickel precursors currently available are too stable
and therefore do not allow deposition at low temperature

A need remains for nickel containing precursors suitable
for CVD or ALD in an oxygen-free process. Desirable prop-
erties of the nickel containing precursors for these applica-
tions are: 1) liquid form or low melting point solid; ii) high
volatility; iii) sufficient thermal stability to avoid decompo-
sition during handling and delivery; and iv) appropriate reac-
tivity during CVD/ALD process. At the same time, in order to
allow the deposition at low temperature the thermal stability
should not be too high. 0 oxidation state metal precursors are
known to have less thermal stability compared to their oxi-
dized forms.
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Notation and Nomenclature

Certain abbreviations, symbols, and terms are used
throughout the following description and claims, and include:

Asused herein, the indefinite article “a” or “an” means one
or more.

Asused herein, the term “independently” when used in the
context of describing R groups should be understood to
denote that the subject R group is not only independently
selected relative to other R groups bearing the same or differ-
ent subscripts or superscripts, but is also independently
selected relative to any additional species of that same R
group. For example in the formula MR (NR*R? )ax)» Where
X is 2 or 3, the two or three R* groups may, but need not be
identical to each other or to R? or to R?. Further, it should be
understood that unless specifically stated otherwise, values of
R groups are independent of each other when used in different
formulas.

As used herein, the term “alkyl group” refers to saturated
functional groups containing exclusively carbon and hydro-
gen atoms. Further, the term “alkyl group” refers to linear,
branched, or cyclic alkyl groups. Examples of linear alkyl
groups include without limitation, methyl groups, ethyl
groups, propyl groups, butyl groups, etc. Examples of
branched alkyls groups include without limitation, t-butyl.
Examples of cyclic alkyl groups include without limitation,
cyclopropyl groups, cyclopentyl groups, cyclohexyl groups,
etc.

As used herein, the term “aryl group” refers to a ligand
derived from an aromatic molecule, such as phenyl, benzyl,
tolyl, o-xylol, etc.

As used herein, the abbreviation “Me” refers to a methyl
group; the abbreviation “Et” refers to an ethyl group; the
abbreviation “Pr” refers to a n-propyl group; the abbreviation
“iPr” refers to an isopropyl group; the abbreviation “Bu”
refers to butyl (n-butyl), the abbreviation “tBu” refers to a
tert-butyl; the abbreviation “sBu” refers to a sec-butyl; the
abbreviation “COD” refers to cyclooctadiene; the abbrevia-
tion “THF” refers to tetrahydrofuran; and the abbreviation
“DME” refers to dimethoxy ethane.

The standard abbreviations of the elements from the peri-
odic table of elements are used herein. It should be under-
stood that elements may be referred to by these abbreviations
(e.g., Ni refers to nickel, Si refers to silicon, C refers to
carbon, etc.).

As used herein, the abbreviation “DAD” refers to 1,4-
diazabuta-1,3-diene ligand, an a-diimine which has general
structure of R,—N—CR;—CR,—N—R,, wherein each R,
to R, is independently selected from; H; C1-C6 linear,
branched, or cyclic alkyl or aryl group; C1-C6 linear,
branched, or cyclic alkylamino group such as NRR', where R
and R' are independently selected from H or C1-C6 linear,
branched, or cyclic alkyl or aryl group; C1-C6 linear,
branched, or cyclic fluoroalkyl group (in which some or all of
the substituents are F, i.e. partially or totally fluorinated); or
an alkoxy substituent such as OR, where R is selected from H
or a C1-C6 linear, branched, or cyclic alkyl or aryl group. As
used herein “R-DAD” refers to the DAD ligand in which R,
and R, are the “R” indicated and R; and R, are H (e.g.,
iPr-DAD is iPr—N—CH-—CH—N-iPr).

The DAD ligand may be selected from one of three oxida-
tion states, with each determining the bonding mode between
the center element (M) and DAD ligands. X-ray fluorescence
spectroscopy and/or X-ray crystal structure determination
and/or magnetic moment determination may be used to deter-
mine oxidation state. For a better understanding, the generic
structures of the DAD ligands are represented below with
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three different oxidation states: 1) neutral, ii) mono-anionic,
and iii) dianionic. One of ordinary skill in the art will recog-
nize that the location of the double bonds in the diazabutadi-
ene ligand changes based upon the oxidation state of the
ligand, as shown below:

ii)

iif)

di-anionic DADD
iv)

M

Ry Ry
7N

Z

neutral DAD©®
v)

M

R s N R

Z

Z Z
/
I\
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mono-anionic DAD)
vi)

M

N

Rl
7
\]I 7~

Z,

I

Ry
di-anionic DADD

with neutral M bonds with mono-anionic M bonds with dian-
ionic M bonds Even though written herein in linear form as
R,—N—CR;—CR,—N—R, (i.e., having two double
bonds), the referenced DAD ligand may be neutral, mono-
anionic, or din anionic.

SUMMARY

Methods of depositing nickel containing films are dis-
closed. The nickel bis diazabutadiene precursors
Ni(nPrN—CH—CH—NnPr), and/or Ni(iPtN—CH—
CH—NIiPr), are introduced into a reactor having at least one
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substrate disposed therein. At least part of the nickel bis
diazabutadiene precursors is deposited onto the at least one
substrate to form the nickel containing film. The disclosed
methods may include one or more of the following aspects:
the nickel bis diazabutadiene precursor being
Ni(nPrN—CH-—CHVNnPr),;
the method being performed at a temperature between
about 20° C. and about 600° C.;
the method being performed at a temperature between
about 100° C. and about 400° C.;
the method being performed at a pressure between about
0.1 Pa and about 10° Pa;
the method being performed at a pressure between about
2.5 Pa and about 10> Pa;
the deposition step being selected from the group consist-
ing of chemical vapor deposition (CVD), atomic layer
deposition (ALD), plasma CVD, plasma ALD, pulse
CVD, low pressure CVD, sub-atmospheric CVD, atmo-
spheric pressure CVD, hot-wire CVD, hot-wire ALD,
and super critical fluid deposition;
introducing a reaction gas into the reactor at the same time
or at an alternate time as the introduction of the nickel bis
diazabutadiene precursor;
the reaction gas being a reducing agent;
the reducing agent being selected from the group consist-
ing of: N,, H,; SiH,; Si,Hg; SizHg; NH;; (CH;),SiH,;
(C,H5),SiH,; (CH;)SiH;; (C,H;)SiH;; phenyl silane;
N,H,; N(SiH,),; N(CHy)H,; N(C,Hs)H,; N(CH;),H;
N(C,Hs),H; N(CHy);: N(CoHs)s: (SiMe;),NH; (CHy)
HNNH,; (CH;),NNH,; phenyl hydrazine; B,H; 9-bo-
rabicyclo[3,3,1]nonane; dihydrobenzenfuran; pyrazo-
line; trimethylaluminium; dimethylzinc; diethylzinc;
radical species thereof; and mixtures thereof;,
the reaction gas being an oxidizing agent; and
the oxidizing agent being selected from the group consist-
ing of: O,; O5; H,0; H,0,; NO; NO,; N,O; carboxylic
acids; radical species thereof; and mixtures thereof.

the nickel containing film being selected from the group
consisting of nickel (Ni), nickel silicide (NiSi), nickel
nitride (NiN), nickel carbide (NiC), nickel carbonitride
(NiNC), and nickel oxide (NiO);

Also disclosed are ALD methods of depositing a nickel
silicide film. At least one nickel bis diazabutadiene precursor
selected from Ni(nPrN—CH—CH—NnPr), or
Ni(iPrN—CH-—CH—NiPr), is introduced into a reactor hav-
ing at least one substrate disposed therein. At least part of the
nickel bis diazabutadiene precursor is deposited onto the at
least one substrate to form a nickel containing layer. At least
one silicon containing precursor is introduced into the reactor.
At least part of the silicon containing precursor is deposited
onto the nickel containing layer to form the nickel silicide
film. The disclosed methods may include one or more of the
following aspects:

repeating the method to deposit the nickel silicide film

having a thickness ranging from approximately 5 nm to
approximately 100 nm;
the silicon containing precursor being selected from the
group consisting of silane; chlorosilane; dichlorosilane;
trichlorosilane; N(SiH;);; a silane having the formula
Si,H X;,,5_,, wherein X=F, Cl, Sr, or I, x=2-3, and
y=1-8; or an aminosilane having the formula SiR',
(NR2,),,_,, wherein x=0-3, each R is independently H or
a C1-C6 alkyl group, and each R? is independently a
C1-C6 alkyl group; and mixtures thereof;

introducing a reaction gas into the reactor at the same time
or at an alternate time as the introduction of the nickel bis
diazabutadiene precursor;
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introducing a reaction gas into the reactor at the same time
or at an alternate time as the introduction of the silicon
containing precursor;

the reaction gas being selected from the group consisting
of: N,, H,; SiH,; Si,H; Siz;Hg; NH;; (CH;),SiH,;
(C,H5),SiH,; (CH;)SiH;; (C,H;)SiH;; phenyl silane;
N,H,; N(SiHs);; N(CHz)H,: N(C,Hs)H,; N(CH;),H:
N(C,H;),H; N(CH,);; N(C,Hs);; (SiMe;),NH; (CH;)
HNNH,; (CH;),NNH,; phenyl hydrazine; B,Hg; 9-bo-
rabicyclo[3,3,1]nonane; dihydrobenzenfuran; pyrazo-
line; trimethylaluminium; dimethylzinc; diethylzinc;
radical species thereof; and mixtures thereof; and

annealing the nickel silicide film.

BRIEF DESCRIPTION OF THE DRAWINGS

For a further understanding of the nature and objects of the
present invention, reference should be made to the following
detailed description, taken in conjunction with the accompa-
nying drawings, wherein:

FIG. 1 is a graph showing the atmospheric and vacuum
thermogravimetric analysis of Ni(iPrN—CH—CH—NiPr),;

FIG. 2 is a graph showing the atmospheric and vacuum
thermogravimetric analysis of  Ni(tBuN—CH—
CH—NTtBu),

FIG. 3 is a graph showing isotherm evaporations of
Ni(iPrtN—CH—CH—NiPr),.

DETAILED DESCRIPTION OF PREFERRED
EMBODIMENTS

Disclosed are nickel bis diazabutadiene (Ni(R-DAD),)
precursors. These precursors may allow nickel containing
film deposition at lower temperatures due to the adequate
thermal stability of the precursor. The precursors may be used
for deposition of films with controlled thickness and compo-
sition at targeted temperatures.

The disclosed nickel bis diazabutadiene (Ni(R-DAD),)
precursor have the following formula (A):

)

wherein each of R| and R, areiPrornPrand R, and R, are H.

The disclosed nickel bis diazabutadiene precursors have
lower thermal stability than other nickel-containing precur-
sors due to nickel having an oxidation state of 0. This allows
deposition of nickel-containing films at lower temperatures
than prior art nickel-containing precursors. The oxygen-free
precursors also allow deposition of pure Ni films in CVD or
ALD (thermal or plasma mode) at temperatures lower than
250° C., preferably lower than 150° C. using an oxygen-free
reaction gas. The disclosed nickel bis diazabutadiene precur-
sors are homoleptic, permitting synthesis in one step, which
enables a lower synthesis cost. The bonding of the nickel
element to only nitrogen helps to reduce incorporation of
other elemental impurities into the film. The disclosed nickel
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bis diazabutadiene precursors may be used for the deposition
a thin nickel containing film wherein the nickel containing
film is nickel (Ni), nickel silicide (NiSi), nickel nitride (NiN),
nickel carbide (NiC), nickel carbonitride (NiNC), nickel
oxide (NiO), or any other nickel containing film

The disclosed nickel bis diazabutadiene precursors are not
commercially available, but may be synthesized according to
the published method in H. Tom Dieck Z. Naturforsch. 36b,
814-822, 1981, which is incorporated herein in its entirety by
reference. More particularly, one molar equivalent of
Ni(COD), may be reacted with 2 or more molar equivalents
of the diazadiene ligand to produce the disclosed nickel bis
diazabutadiene precursors. More synthesis details are pro-
vided in the Examples that follow. Except for the diazabuta-
diene ligands, all of the reactants are commercially available.

The relevant diazabutadiene ligands may also be prepared
according the method published in H. Tom Dieck Z. Natur-
forsch. 36b, 814-822, 1981. More particularly, the diazabuta-
diene ligand may be synthesized by reacting one molar
equivalent of the relevant glyoxal (O—CH—CH—O,
O—CH—CMe—0, O—C(CF;)CH—O0, etc) with two or
more molar equivalents of an amine (RNH,) to produce the
relevant diazabutadiene (RN—CH—CH—NR, RN—CH—
CMe—NR, RN—C(CF;)CH—NR, etc.).

Also disclosed are methods for forming a nickel-contain-
ing layer on a substrate using a vapor deposition process. The
method may be useful in the manufacture of semiconductor,
photovoltaic, LCD-TFT, or flat panel type devices.

The nickel containing film may be deposited by introduc-
ing at least one of the disclosed Ni(R-DAD), precursors dis-
cussed above into a reactor having at least one substrate
disposed therein. At least part of the disclosed Ni(R-DAD),
precursor is deposited onto the at least one substrate to form
the nickel containing film.

The disclosed Ni(R-DAD), precursors may be used to
deposit thin nickel-containing films using any deposition
methods known to those of skill in the art. Examples of
suitable deposition methods include without limitation, con-
ventional chemical vapor deposition (CVD) or atomic layer
deposition (ALD), or other types of deposition that are related
to vapor coating, using techniques such as plasma [plasma
enhanced chemical vapor deposition (PECVD) or plasma
enhanced atomic layer deposition (PEALD)], tuned introduc-
tion schemes [pulsed chemical vapor deposition (PCVD)],
tuned reaction pressure [low pressure chemical vapor depo-
sition (LPCVD), subatmospheric CVD (SACVD), atmo-
spheric pressure CVD (APCVD)], hot-wire chemical vapor
deposition (HWCVD, also known as catCVD, in which a hot
wire serves as a catalyst for the deposition process), hot-wire
atomic layer deposition (HWALD), or super critical fluid
incorporated deposition, or combinations thereof. In one
alternative, a thermal CVD deposition is preferred, particu-
larly when fast growth, conformality, process-orientation and
one direction films are required. In another alternative, a
thermal ALD deposition process is preferred, particularly
when superior conformality of films deposited on challenging
surfaces (e.g., trenchs, holes, vias) is required.

The disclosed Ni(R-DAD), precursors may be supplied
either in neat form or in a blend with a suitable solvent, such
as ethyl benzene, xylene, mesitylene, decane, dodecane. The
disclosed precursors may be present in varying concentra-
tions in the solvent.

One or more of the neat Ni(R-DAD), precursor or blend are
introduced into a reactor in vapor form by conventional
means, such as tubing and/or flow meters. The vapor form
may be produced by vaporizing the neat precursor or blend
through a conventional vaporization step such as direct vapor-
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ization, distillation, or by bubbling, or by using a sublimator
such as the one disclosed in PCT Publication W0O2009/
087609 to Xu et al. The neat precursor or blend may be fed in
liquid state to a vaporizer where it is vaporized before it is
introduced into the reactor. Alternatively, the neat precursor
or blend may be vaporized by passing a carrier gas into a
container containing the precursor or blend or by bubbling the
carrier gas into the precursor or blend. The carrier gas may
include, but is not limited to, Ar, He, N, and mixtures thereof.
Bubbling with a carrier gas may also remove any dissolved
oxygen present in the neat precursor or blend. The carrier gas
and precursor are then introduced into the reactor as a vapor.

If necessary, the container of disclosed precursor/blend
may be heated to a temperature that permits the precursor/
blend to be in its liquid phase and to have a sufficient vapor
pressure. The container may be maintained at temperatures in
the range of, for example, approximately 0° C. to approxi-
mately 150° C. Those skilled in the art recognize that the
temperature of the container may be adjusted in a known
manner to control the amount of precursor vaporized.

The reactor may be any enclosure or chamber within a
device in which deposition methods take place such as with-
out limitation, a parallel-plate type reactor, a cold-wall type
reactor, a hot-wall type reactor, a single-wafer reactor, a
multi-wafer reactor, or other types of deposition systems
under conditions suitable to cause the precursors to react and
form the layers.

Generally, the reactor contains one or more substrates onto
which the thin films will be deposited. The one or more
substrates may be any suitable substrate used in semiconduc-
tor, photovoltaic, flat panel, or LCD-TFT device manufactur-
ing. Examples of suitable substrates include without limita-
tion, silicon substrates, silica substrates, silicon nitride
substrates, silicon oxy nitride substrates, tungsten substrates,
or combinations thereof. Additionally, substrates comprising
tungsten or noble metals (e.g. platinum, palladium, rhodium,
or gold) may be used. The substrate may also have one or
more layers of differing materials already deposited upon it
from a previous manufacturing step.

The temperature and the pressure within the reactor are
held at conditions suitable for vapor deposition of at least part
of the Ni(R-DAD), precursor onto the substrate. In other
words, after introduction of the vaporized precursor into the
chamber, conditions within the chamber are such that at least
part of the vaporized precursor is deposited onto the substrate
to form a nickel-containing film. For instance, the pressure in
the reactor may be held between about 0.1 Pa and about 10°
Pa, more preferably between about 2.5 Pa and about 10 Pa, as
required per the deposition parameters. Likewise, the tem-
perature in the reactor may be held between about 20° C. and
about 600° C., preferably between about 100° C. and about
400° C.

The temperature of the reactor may be controlled by con-
trolling the temperature of the substrate holder and/or con-
trolling the temperature of the reactor wall. Devices used to
heat the substrate are known in the art. The reactor wall is
heated to a sufficient temperature to obtain the desired film at
a sufficient growth rate and with desired physical state and
composition. A non-limiting exemplary temperature range to
which the reactor wall may be heated includes from approxi-
mately 20° C. to approximately 600° C. When a plasma
deposition process is utilized, the deposition temperature
may range from approximately 20° C. to approximately 350°
C. Alternatively, when a thermal process is performed, 113
the deposition temperature may range from approximately
200° C. to approximately 600° C.
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In addition to the disclosed precursor, a reaction gas may
also be introduced into the reactor. The reaction gas may be an
oxidizing agent such as one of O,; O;; H,0; H,0,; oxygen
containing radicals such as O. or OH.; NO; NO,; N,O; car-
boxylic acids such as formic acid, acetic acid, propionic acid;
radical species of NO, NO,, or the carboxylic acids; and
mixtures thereof. Preferably, the oxidizing agent is selected
from the group consisting of O,, O;, H,O, H,0,, oxygen
containing radicals thereof such as O. or OH., and mixtures
thereof.

Alternatively, the reaction gas may be a reducing agent
such as one of H,) NHj;, SiH,, Si,H,, Si;Hg, (CH;),SiH,,
(C,H;),SiH,, (CH;)SiHj;, (C,H;)SiH;, phenyl silane, N,H,,
N(SiH,);, N(CH;)H,, N(C,Hs)H,, N(CH,),H, N(C,Hs),H,
N(CH,)s, N(C,Hy)s. (SiMe,),NH, (CH,HNNH,, (CH,),
NNH,, phenyl hydrazine, N-containing molecules, B,H,,
9-borabicyclo[3,3,1]nonane, dihydrobenzenfuran, pyrazo-
line, trimethylaluminium, dimethylzinc, diethylzinc, radical
species thereof, and mixtures thereof. Preferably, the reduc-
ing agent is H,, NH;, SiH,, Si,Hg, Si;Hg, SiH,Me,, SiH,Et,,
N(SiH;),, hydrogen radicals thereof, or mixtures thereof.

The reaction gas may be treated by a plasma, in order to
decompose the reaction gas into its radical form. N, may also
be utilized as a reducing agent when treated with plasma. For
instance, the plasma may be generated with a power ranging
from about 50 W to about 500 W, preferably from about 100
W to about 200 W. The plasma may be generated or present
within the reactor itself. Alternatively, the plasma may gen-
erally be at a location removed from the reactor, for instance,
in a remotely located plasma system, One of skill in the art
will recognize methods and apparatus suitable for such
plasma treatment.

The vapor deposition conditions within the chamber allow
the Ni(R-DAD), precursor and/or the reaction gas to form a
nickel-containing film on the substrate. In some embodi-
ments, Applicants believe that plasma-treating the reaction
gas may provide the reaction gas with the energy needed to
react with the disclosed precursor.

Depending on what type of film is desired to be deposited,
a second precursor may be introduced into the reactor. The
second precursor comprises another element source, such as
silicon, copper, praseodymium, manganese, ruthenium, tita-
nium, tantalum, bismuth, zirconium, hafnium, lead, niobium,
magnesium, aluminum, lanthanum, or mixtures of these.
When a second precursor is utilized, the resultant film depos-
ited on the substrate may contain at least two different ele-
ments.

In one alternative, the second precursor may be a silicon
containing precursor, such as silane; chlorosilane; dichlorosi-
lane; trichlorosilane; N(SiH;);; a silane having the formula
Si,H X,, 5_,, wherein X=F, Cl, Br, or [, x=2-3, and y=0-6;
or an aminosilane having the formula SiR!' (NRZ,),.,
wherein x=0-3, each R" is independently H or a C1-C6 alkyl
group, and each R? is independently a C1-C6 alkyl group; and
combinations thereof. Exemplary silanes include disilane,
trisilane, Si,Cly, and Si,HCl;. Exemplary aminosilanes
include bis(diethylamino)silane [ SiH,(NEt,),] and diisopro-
pylaminosilane [SiH;(NiPr,)]. The combination of the Ni(R-
DAD), precursor with the silicon containing precursor pro-
duces NiSi films having low resistivity (approximately 15
pohm-cm to approximately 20 pohm-cm) low Si consump-
tion, and low temperature budget. Furthermore, the Ni diffu-
sion in the Si is easily controlled. The NiSi films may be used
as contact to source, drain, and gate in CMOS devices.

The Ni(R-DAD), precursors and reaction gases may be
introduced into the reactor either simultaneously (chemical
vapor deposition), sequentially (atomic layer deposition) or
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different combinations thereof. The reactor may be purged
with an inert gas between the introduction of the precursor
and the introduction of the reaction gas. Alternatively, the
reaction gas and the precursor may be mixed together to form
a reaction gas/precursor mixture, and then introduced to the
reactor in mixture form. Another example is to introduce the
reaction gas continuously and to introduce the at least one
Ni(R-DAD), precursor by pulse (pulsed chemical vapor
deposition).

The vaporized precursor and the reaction gas may be
pulsed sequentially or simultaneously (e.g. pulsed CVD) into
the reactor, Each precursor pulse may last for a time period
ranging from about 0.01 seconds to about 10 seconds, alter-
natively from about 0.3 seconds to about 3 seconds, alterna-
tively from about 0.5 seconds to about 2 seconds. In another
embodiment, the reaction gas may also be pulsed into the
reactor. In such embodiments, the pulse of each gas may last
for atime period ranging from about 0.01 seconds to about 10
seconds, alternatively from about 0.3 seconds to about 3
seconds, alternatively from about 0.5 seconds to about 2
seconds.

Depending on the particular process parameters, deposi-
tion may take place for a varying length of time. Generally,
deposition may be allowed to continue as long as desired or
necessary to produce a film with the necessary properties,
Typical film thicknesses may vary from several angstroms to
several hundreds of microns, depending on the specific depo-
sition process. The deposition process may also be performed
as many times as necessary to obtain the desired film.

In one non-limiting exemplary CVD type process, the
vapor phase of the disclosed Ni(R-DAD), precursor and a
reaction gas are simultaneously introduced into the reactor.
The two react to form the resulting nickel-containing thin
film. When the reaction gas in this exemplary CVD process is
treated with a plasma, the exemplary CVD process becomes
an exemplary PECVD process. The reaction gas may be
treated with plasma prior or subsequent to introduction into
the chamber.

In one non-limiting exemplary ALD type process, the
vapor phase of the disclosed Ni(R-DAD), precursor is intro-
duced into the reactor, where it is contacted with a suitable
substrate, Excess precursor may then be removed from the
reactor by purging and/or evacuating the reactor. A reducing
agent (for example, H,) is introduced into the reactor where it
reacts with the absorbed precursor in a self-limiting manner.
Any excess reducing agent is removed from the reactor by
purging and/or evacuating the reactor. If the desired film is a
nickel film, this two-step process may provide the desired
film thickness or may be repeated until a film having the
necessary thickness has been obtained. One of ordinary skill
in the art will recognize that the desired film thickness will
depend upon the type of film obtained and its location in the
semiconductor, photovoltaic, LCD-TFT, or flat panel type
device.

Alternatively, if the desired film contains two elements, the
two-step process above may be followed by introduction of
the vapor of a second precursor into the reactor. The second
precursor will be selected based on the desired second ele-
ment in the film being deposited. After introduction into the
reactor, the second precursor is contacted with the substrate.
Any excess second precursor is removed from the reactor by
purging and/or evacuating the reactor. Once again, a reducing
agent may be introduced into the reactor to react with the
second precursor. Excess reducing agent is removed from the
reactor by purging and/or evacuating the reactor. If a desired
film thickness has been achieved, the process may be termi-
nated. However, if a thicker film is desired, the entire four-
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step process may be repeated. By alternating the provision of
the Ni(R-DAD), precursor, second precursor, and reaction
gas, a film of desired composition and thickness can be depos-
ited. One of ordinary skill in the art will recognize that the
desired film thickness will depend upon the type of film
obtained and its location in the semiconductor, photovoltaic,
LCD-TFT, or flat panel type device.

When the reaction gas in this exemplary ALD process is
treated with a plasma, the exemplary ALD process becomes
an exemplary PEALD process. The reaction gas may be
treated with plasma prior or subsequent to introduction into
the chamber.

The nickel-containing films resulting from the processes
discussed above may include a pure nickel (Ni), nickel nitride
(NiN), nickel carbide (NiC), nickel carbonitride (NiCN),
nickel silicide (Ni,Si,), or nickel oxide (Ni,,0,,) film, wherein
k, 1, m, and n are integers which inclusively range from 1 to 6.
One of ordinary skill in the art will recognize that by judicial
selection of the appropriate Ni(R-DAD), precursor, optional
second precursors, and reaction gas species, the desired film
composition may be obtained.

Upon obtaining a desired film thickness, the film may be
subject to further processing, such as thermal annealing, fur-
nace-annealing, rapid thermal annealing, UV or e-beam cur-
ing, and/or plasma gas exposure. Those skilled in the art
recognize the systems and methods utilized to perform these
additional processing steps. For example, the nickel-contain-
ing film may be exposed to a temperature ranging from
approximately 200° C. and approximately 1000° C. for a time
ranging from approximately 0.1 second to approximately
7200 seconds under an inert atmosphere, a H-containing
atmosphere, a N-containing atmosphere, an O-containing
atmosphere, or combinations thereof. Most preferably, the
temperature is 400° C. for 3600 seconds under a H-containing
atmosphere. The resulting film may contain fewer impurities
and therefore may have an improved density resulting in
improved leakage current. The annealing step may be per-
formed in the same reaction chamber in which the deposition
process is performed. Alternatively, the substrate may be
removed from the reaction chamber, with the annealing/flash
annealing process being performed in a separate apparatus.
Any of the above post-treatment methods, but especially ther-
mal annealing, has been found effective to reduce carbon and
nitrogen contamination of the nickel-containing film. This in
turn tends to improve the resistivity of the film.

After annealing, the nickel-containing films deposited by
any of the disclosed processes have a bulk resistivity at room
temperature of approximately 7 pohm-cm to approximately
70 pohm-cm, preferably approximately 7 pohm-cm to
approximately 20 pohm-cm, and more preferably approxi-
mately 7 pohm-cm to approximately 12 pohm-cm. Room
temperature is approximately 20° C. to approximately 28° C.
depending on the season. Bulk resistivity is also known as
volume resistivity. One of ordinary skill in the art will recog-
nize that the bulk resistivity is measured at room temperature
on Ni films that are typically approximately 50 nm thick. The
bulk resistivity typically increases for thinner films due to
changes in the electron transport mechanism. The bulk resis-
tivity also increases at higher temperatures.

EXAMPLES

The following non-limiting examples are provided to fur-
ther illustrate embodiments of the invention. However, the
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examples are not intended to be all inclusive and are not
intended to limit the scope of the inventions described herein.

Example 1
Synthesis of NiiPtN—CH—CH—NiPr),

Ni(iPeN—CH-—CH=—NiPr), was prepared according to
the published method in H. Tom Dieck Z. Naturforsch. 36b,
814-822, 1981.

In a 100 mL schlenk flask under dry nitrogen, 1.0 g (3.63
mmol) of Ni(COD), was introduced with diethylether (10
mL). Glyoxal-bis(isopropylimine) 1.02 g (7.27 mmol) was
slowly added at room temperature and avowed to react over-
night. The solution immediately turned dark red, Solvent was
then removed under vacuum to give a red liquid. Distillation
at 145° C.@300 mTorr yielded a dark red liquid 900 mg (73%
yield) which NMR'H shifts correspond to the structure of
Ni(iPrtN—CH—CH—NiPr),.

Example 2
Synthesis of Ni(tBuN—CH—CH—NtBu),

Ni(tBuN—CH-—CH—NtBu), was prepared according to
the published method in H. Tom Dieck Z. Naturforsch. 36b,
814-822, 1981.

In a 100 mL schlenk flask under dry nitrogen, we intro-
duced 1.0 g (3.63 mmol) of Ni(COD), with diethylether (10
mL). Glyoxal-bis(tertiobutylimine) 1.22 g (7.27 mmol) was
slowly added at room temperature and allowed to react over-
night. Solution immediately turned to dark red. Solvent were
then removed under vacuum to give a red solid, Sublimation
at 130° C.@300 mTorr allowed to isolate a dark red solid 670
mg (55% yield) which NMR'H shifts correspond to the struc-
ture of Ni(tBuN—CH—CH-—NtBu),.

Example 3

Thermogravimetric (TGA) of
Ni(iPrN—CH—CH—NiPr), and
Ni(tBuN—CH—CH—NtBu),

In FIGS. 1 and 2, the atmospheric and vacuum TGA and
Differential Thermal Analysis (DTA) of Ni(iPtN—CH—
CH—NiPr), and Ni(tBuN—CH—CH—NtBu), respectively
are displayed (the atmospheric TGA and atmospheric DTA
results are shown by the solid lines and the vacuum TGA and
vacuum DTA results are shown by the dashed lines, with the
TGA results starting in the upper left portion of the graph and
proceeding towards the bottom right and the DTA results
starting on the left in the middle of the graph).

As canbe seen, Ni(iPr-DAD), is more volatile than Ni(tBu-
DAD),. The TGA of Ni(nPr-DAD), is similar to that of
Ni(iPr-DAD),. Ni(iPr-DAD), produces 11% residuals at
atmospheric TGA conditions and approximately 0% residu-
als at vacuum TGA conditions. Ni(nPr-DAD), produces 13%
residuals at atmospheric TGA conditions and less than 0.5%
residuals at vacuum TGA conditions. Ni(tBu-DAD), pro-
duced 11% residuals at atmospheric TGA conditions and 1%
residuals at vacuum TGA conditions. Both Ni(iPr-DAD)2
and Ni(nPr-DAD)2 are liquids, which makes delivery to the
deposition chamber easier than delivery of Ni(tBu-DAD),,
which is a solid. Finally the vapor pressure of Ni(iPr-DAD),
[130° C. at 1 Torr] and Ni(nPr-DAD),[135° C. at 1 Torr] is
better than that of Ni(tBu-DAD),. [155° C. at 1 Torr]|. Fur-
thermore stability testing of Ni(iPr-DAD)2 at 100° C. and
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130° C. for 6 days showed very good stability at 100° C.
(NMR+TGA), but some decomposition at 130° C.

In FIG. 3, isotherm evaporations of Ni(iPrN—CH—
CH—NiPr), at temperatures in the range 130 to 200° C. are
displayed. The residual amount is very little at 130° C., show-
ing some good evidence of thermal stability in the present
conditions. The residual amount gradually increases at 150°
C.and 200° C. to 11%, exhibiting again that the relatively low
thermal stability of the molecule may be suitable for low
temperature depositions of nickel films.

Example 4

Prophetic Deposition of Thin Ni films using
Ni(iPetN—CH—CH—NiPr), or
Ni(tBuN—CH—CH—NtBu),

Ni(iPrN—CH-—CH—NiPr), was synthesized as described in
Example 1. It is expected to obtain Ni films using the follow-
ing example, which describes one way, among others, to
deposit such films.

The nickel molecule will be placed in a canister. Vapors of
the nickel molecule will be transported to the reaction furnace
by flowing nitrogen within the heated canister in order to
provide enough vapor. Hydrogen will be introduced into the
deposition system to react with the portion of the nickel
precursor deposited at the surface of the wafer in an ALD
scheme (introduction of precursors’ vapors separated by suf-
ficiently long inert gas purges). Hydrogen (H,) is believed to
be a molecule of choice, but any type of reducing agent may
be selected. Ni films will be obtained. Analytical results will
show that a saturation mode typical to ALD mode is obtained
when extending the introduction time of the vapors of the
nickel molecule.

Example 5

Prophetic Deposition of Thin NiSi films using
Ni(iPetN—CH—CH—NiPr), or
Ni(tBuN—CH—CH—NtBu), and SiH,(NEt,),

Ni(iPrN—CH-—CH—NiPr), was synthesized as described in
Example 1. It is expected to obtain NiSi films using the
following example, which describes one way, among others,
to deposit such films.

The nickel molecule will be placed in a canister. Vapors of
the nickel molecule will be transported to the reaction furnace
by flowing nitrogen within the heated canister in order to
provide enough vapor. Conditions within the reactor and the
choice of substrate will be suitable for adsorption or chemi-
sorptions of the nickel molecule on the substrate. The reactor
will be purged and hydrogen will be introduced into the
deposition system to react with the portion of the nickel
precursor deposited on the surface of the substrate to leave a
Ni containing layer. Hydrogen (H,) is believed to be a mol-
ecule of choice, but any type of reducing agent may be
selected. Vapors of SiH,(NEt,), will be transported into the
reaction furnace by flowing nitrogen within the heated can-
ister in order to provide enough vapor. Conditions within the
reactor will be suitable for a portion of the SiH,(NEt,),
vapors to react with the Ni containing layer to form a Ni
containing and Si containing layer. The reactor will be purged
and hydrogen will be introduced to react with the combina-
tion Ni containing and Si containing layer on the substrate to
leave a NiSi film.

It will be understood that many additional changes in the
details, materials, steps, and arrangement of parts, which have
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been herein described and illustrated in order to explain the
nature of the invention, may be made by those skilled in the art
within the principle and scope of the invention as expressed in
the appended claims. Thus, the present invention is not
intended to be limited to the specific embodiments in the
examples given above and/or the attached drawings.

We claim:
1. A method of depositing a nickel containing film, the
method comprising:
introducing at least one nickel bis diazabutadiene precur-
sor into a reactor having at least one substrate disposed
therein, the at least one nickel bis diazabutadiene pre-
cursor being  Ni(nPtN—CH—CH—NnPr), or
Ni(iPrN—CH—CH—NiPr),; and

depositing at least part of the nickel bis diazabutadiene
precursor onto the at least one substrate to form the
nickel containing film.

2. The method of claim 1, wherein the nickel bis diazab-
utadiene precursor is Ni(nPrN—CH-—CH—NnPr),.

3. The method of claim 1, wherein the method is performed
at a temperature between about 20° C. and about 600° C.

4. The method of claim 1, wherein the method is performed
at a pressure between about 0.1 Pa and about 10° Pa.

5. The method of claim 1, wherein the deposition step is
selected from the group consisting of chemical vapor depo-
sition (CVD), atomic layer deposition (ALD), plasma CVD,
plasma ALD, pulse CVD, low pressure CVD, sub-atmo-
spheric CVD, atmospheric pressure CVD, hot-wire CVD,
hot-wire ALD, and super critical fluid deposition.

6. The method of claim 1, further comprising:

introducing a reaction gas into the reactor at the same time

or at an alternate time as the introduction of the nickel bis
diazabutadiene precursor;

wherein at least part of the nickel bis diazabutadiene pre-

cursor is deposited onto the at least one substrate to form
the nickel containing film by reacting the reaction gas
with the nickel bis diazabutadiene precursor.

7. The method of claim 6, wherein the reaction gas is a
reducing agent.

8. The method of claim 7, wherein the reducing agent is
selected from the group consisting of: N,, H,; SiH,; Si,Hg;
SizHg; NH,; (CH;),S8iH,; (CoHs),SiH,; (CH;)SiH;; (CoHs)
SiH;; phenyl silane; N,H,; N(SiH;);; N(CH;)H,; N(C,Hy)
H,: N(CH;),H; N(C,H;s),H; N(CH,);; N(CoHs)s: (SiMes),
NH; (CH;)HNNH,; (CH,),NNH,; phenyl hydrazine; B,H;
9-borabicyclo[3,3,1]nonane; dihydrobenzenfuran; pyrazo-
line; trimethylaluminium; dimethylzinc; diethylzinc; radical
species thereof; and mixtures thereof.

9. The method of claim 6, wherein the reaction gas is an
oxidizing agent.

10. The method of claim 9, wherein the oxidizing agent is
selected from the group consisting of: O,; O5; H,O; H,0,;
NO; NO,; N,O; carboxylic acids; radical species thereof; and
mixtures thereof.

11. The method of claim 1, wherein the nickel containing
film is selected from the group consisting of nickel (Ni),
nickel silicide (NiSi), nickel nitride (NiN), nickel carbide
(NiC), nickel carbonitride (NiNC), and nickel oxide (NiO).

12. An ALD method of depositing a nickel silicide film, the
method comprising:

introducing at least one nickel bis diazabutadiene precur-

sor into a reactor having at least one substrate disposed
therein, the at least one nickel bis diazabutadiene pre-
cursor being  Ni(nPtN—CH—CH—NnPr), or
Ni(iPrN—CH—CH—NiPr),;
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depositing at least part of the nickel bis diazabutadiene
precursor onto the at least one substrate to form a nickel
containing layer;

introducing at least one silicon containing precursor into

the reactor;

depositing at least part of the silicon containing precursor

onto the nickel containing layer to form the nickel sili-
cide film.

13. The method of claim 12, further comprising repeating
the method to deposit the nickel silicide film having a thick-
ness ranging from approximately 5 nm to approximately 100
nm.

14. The method of claim 12, wherein the silicon containing
precursor is selected from the group consisting of silane;
chlorosilane; dichlorosilane; trichlorosilane; N(SiH,);; a
silane having the formula Si,H X, ,, ,, wherein X=F, ClI,
Br, or I, x=2-3, and y=1-8; or an aminosilane having the
formula SiR' (NR2,), , wherein x=0-3, each R! is indepen-
dently H or a C1-C6 alkyl group, and each R? is indepen-
dently a C1-C6 alkyl group; and mixtures thereof.
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15. The method of claim 12, further comprising introduc-
ing a reaction gas into the reactor at the same time or at an
alternate time as the introduction of the nickel bis diazabuta-
diene precursor.

16. The method of claim 12, further comprising introduc-
ing a reaction gas into the reactor at the same time or at an
alternate time as the introduction of the silicon containing
precursor.

17. The method of claim 16, wherein the reaction gas is
selected from the group consisting of: N,, H,; SiH,, Si,Hg;
SizHg; NH,; (CH;),S8iH,; (CoHs),SiH,; (CH;)SiH;; (CoHs)
SiH;; phenyl silane; N,H,; N(SiH;);; N(CH;)H,; N(C,Hy)
H,: N(CH;),H; N(C,H;s),H; N(CH,);; N(CoHs)s: (SiMes),
NH; (CH;)HNNH,; (CH,),NNH,; phenyl hydrazine; B,H;
9-borabicyclo[3,3,1]nonane; dihydrobenzenfuran; pyrazo-
line; trimethylaluminium; dimethylzinc; diethylzinc; radical
species thereof; and mixtures thereof.

18. The method of claim 12, further comprising annealing
the nickel silicide film.

#* #* #* #* #*



